This paper presents the pneumatic positioning system controlled by Enhanced Nonlinear PID (NPID) controller. The characteristic of rate variation of the nonlinear gain that are readily available in NPID controller is utilized to improve the performance of the controller. A Self-regulation Nonlinear Function (SNF) is used to reprocess the error signals with the purpose of continuously generating the values for the rate variation. Subsequently, the controller has successfully been implemented on dynamically changing loads and pressures. The comparison with the other available method such as. NPID and conventional PID are performed and evaluated. The effectiveness of this method with Dead Zone Compensator (DZC) has also been successfully demonstrated and proven through simulations and experimental studies.
INTRODUCTION
Pneumatic actuators are widely used in industries to perform many tasks such as pick and place application, gripping, clamping, drilling and spraying. They are categorized under fluid power control and apply the principles of using compressed gas as a source of power to perform a variety of tasks. It deals with mechanical properties of gases and offer several advantages such as simple to maintain, fast motion, low cost, high power to weight ratio, free from overheating and reliable [1] . The ability to operate at a high number of cycles per workday is also one of the advantages of this drive. Due to these advantages, it has been promoted as an alternative to hydraulics and electric servo motors in many automated tasks. In spite of these advantages, pneumatic actuators are subject to nonlinearities due to compressibility of air, high friction forces and dead band of the spool movement in the valve [2] . These nonlinearities make an accurate position difficult to achieve, and it requires an appropriate controller for better performance.
In early 1900s, the use of this actuator was limited to a certain application due to the difficulty of obtaining a good performance.Thus, research on this component is rarely performed for decades until there is a demand to be applied in the automation industry circa 1950s [3] . Research on pneumatic positioning control has grown significantly in the 1990s when many control techniques have been examined on the system as reported in [4] [5] [6] . Although the conventional PID controller is not suitable for the systems with high nonlinearity, but it is still popular with the idea of modification as a study conducted by [7] [8] [9] . This controller is widely applied in industries compared to the other techniques due to its good characteristics, low cost and easy to implement as well as mature in theoretical analysis [10] [11] [12] . The advanced control strategies such as adaptive control, fuzzy logic control, neural network and others were aggressively investigated and applied on the early of 2000s. However, in the last decade many researchers found that the techniques that integrate with PID controller are more practical. It referred to the increasing number of publications written by [13] [14] [15] [16] [17] [18] [19] [20] [21] amongst others. For example, due to the drawback of adaptive controllers that are not fast enough to follow the parameter variation, [16] have proposed Multi-model controller based on several fixed PDcontrollers. This technique is proposed for the position control of a pneumatic cylinder under variable loads. Five PD controllers were tuned based on the estimated model for the five fixed load that has been identified earlier. Experimental results show that this technique significantly improved the ability of producing a good performance even under variable load conditions. This paper deals with the investigation on the robustness of the pneumatic actuators which controlled by the novel Self-regulation Nonlinear PID (SNPID) controller that had been published in the previous work [22] . The system is examined based on the variation of load and pressure in increasing and decreasing values. The DZC was added to the real system, and the consequence to the system was observed. The experiments were performed to confirm the capability of this controller. The comparisons with the other existing methods including PID and NPID controller are performed based on transient and steady-state performance. The rest of this paper is organized as follows: In section 2, research method is described starting with mathematical modelling and followed by the design of the controller. The simulated and experimental results using MATLAB/SIMULINK are described in section 3. Finally, section 4 contains some concluding remarks.
RESEARCH METHOD

System Model
The system under consideration is shown in Fig.1 . It consists of 5/3 proportional directional control valve, double-acting with double rod cylinder, displacement transducer, pressure sensors, data acquisition system, PC and mass payload. The transfer function of the system is obtained using System Identification. (1) and (2) 
where Z N and N denotes the set of data and number of data samples, respectively. For example, the inputoutput data over a time interval of 1 is represented by:
The data is used for estimating a model. The difference between the observed output and predicting output is known as the residual or prediction error which is given by 
The estimated parameter is obtained by minimizing (3) as follows;
The following equation is the discrete state-space equation obtained through this identification process.
The continuous transfer function can be obtained using the Zero Order Hold (ZOH) conversion method with sampling time, Ts = 0.01s. This conversion method generates the continuous time input signal by holding each sample value constant over one sample period. 
a. Controller Design
In general, the transfer function of PID controller with noise filter is given by:
where K p is the proportional gain and T i is the integral time. Both parameters can be tuned to improve the rise time and eliminate the steady state error, respectively. Meanwhile, the derivative time, T d can give the effect of increasing the stability of the system by improving the transient response. In control system design, stability is the first criterion that needs to be considered. In order to maintain the stability of the system, the conditions as written in (9) must be complied.
where is a magnitude of the open loop system.
The speed of the response is one of the criterions that need to be considered to obtain the optimal performances. It leads to considering the bandwidth frequency of the system. In general, the speed of the response is increased with respect to the increasing of bandwidth. However, it involves a trade-off between speed and robustness of the response, and high bandwidth makes the system sensitive to the noise. Thus, in order to provide a good results in a wide range of performance including stability, speed and robustness, the design should correspond to various criteria including gain margin, phase margin, gain crossover frequency and maximum sensitivity. In order to ensure the optimum performance to be acquired, several simulations based on different Gain Margin (GM) and Phase Margin (PM) were conducted as depicted in Table 1 . Based on these results, the optimum value of GM and PM are 15.7 dB and 71.9 at frequency 1.380 Hz and 0.286 Hz, respectively. These values provide an appropriate trade-off between speed performance and robustness. According to [23] , in practice for well-tuned system the value of GM and PM should be between 6 dB to 20 dB and 35 to 80, respectively. The maximum peak for the sensitivity function is less than 6dB. 
Determination of Nonlinear Gain
The nonlinear gain, k x (e) which bounded in the sector
as indicated in (10) α i and e max represent the rate variation of nonlinear gain and range of variation, respectively. The value of nonlinear gain k x (e) is automatically varied depends on the value of α i that is on-line generated using (11) . Figure 2 shows the block diagram of the system with SNPID controller.
In order to ensure the stability of the system, the maximum value of nonlinear gain k(e max ) should be determined in advance. This is performed via Popov stability criterion. The procedure of this criterion based on second order system has discussed by other researcher in [24] . Since the plant is represented as a third order system, the use of a MATLAB function is more practical to get the Popov plot. Figure 3 illustrate the Popov plot of the tested system. It is possible to construct a straight line with a positive slope passing through the intersect point between Popov and the real axis where the Popov plot is entirely to the right of this line. It can be seen that the Popov plot of G(j) is crossing the real axis at the point (-0.234, j0). The maximum value of the nonlinear gain can be obtained using (12) . Therefore, the allowable range of nonlinear gain k(e) is (0, 4.274). Subsequently, the design parameters are determined by identifying the relationships between  and  in order to produce the maximum value of rate variation (α i ) with exponential decay. It performed using Particle Swarm Optimization (PSO) technique. Details on this technique were explained in [22] . Table 2 indicates the results of  and  through this optimization technique. The relationships between  and  can be plotted as shown in Figure 4 . Thus, the equation as expressed in (13) can then be applied to determine the value of  and . The rate variation (α i ) is designed to provide a certain value of nonlinear gain at the beginning for the purpose to overcome the static friction. This rate variation is then decreasing starting from this value and ending at 0 where the steady state response is achieved. For better interpretation, it can be elaborated through the following derivation. From (11), let;
Considered impulse response represents the error signal, thus;
Perform differential of (14); 
Dead-zone Compensation
In practice, the width of dead-zone is unknown. Thus, the DZC is employed to offset the deleterious effects of dead-zone. A similar compensator as in [22] is used to overcome this problem. It is implemented by using the following rules:
where U e0 , u p and u n are input compensation based on error, positive dead-zone compensation and negative dead-zone compensation, respectively. Based on these conditions, there is no force imposed to the payload when the output of the DZC is represented by U e0 . For the other conditions in which the position error is exceeded, ed is in either positive or negative direction, the output of the controller is added to the dead zone compensator u p and u n , respectively.
RESULTS AND DISCUSSION
The performance of the pneumatic positioning system controlled by SNPID was examined using the different step input and tested to the various of load and pressure. The difference with the nominal load and pressure were tested to illustrate the robustness of this controller. The performance of this technique is compared to the other techniques namely conventional PID and NPID controller. The parameters of the proposed controller including SNF and other parameters are tabulated in Table 3 . Figure 5 demonstrates the simulated result of the output response obtained from the system controlled by SNPID, NPID and PID controller. The result indicates that these controllers are able to follow the input with different position and direction. Though, it can be seen that the SNPID offer faster response with lower steady-state error compared to the other methods. The steady-state error for the system with NPID is close mimics the result obtained by the system with SNPID controller. However, it provides the slower response compared to the others. For a system with PID controller, the performance is doggerel compared to other due to the presence of overshoot that can reduce the system robustness. In order to validate the performance of the SNPID controller, the result from the simulation is compared to the result obtained from the real-time system. As can be seen from Figure  6 , the response obtained based on experimental is quite similar with the simulation. Figure 5 . Simulation result for different controller Figure 6 . Validation result for SNPID
Robustness Tests
Robustness can be defined as the ability of a control system to be insensitive to the variation of the plant parameters. In order to test the system robustness, some investigations are performed to the system.The ability of the SNPID controller to compensate the system when there are changes occur in the load and pressure is examined. The performance is analyzed for both conditions in the case of the load/pressure is increasing or decreasing. The measurement of the performance is based on the distance of 200 mm.
Comparison with the other methods are performed as a performance benchmark. The details of the performance based on the experiments for all cases are tabulated in Tables 4 through 7 . The result indicates that the SNPID+DZC and NPID+DZC controller are more robust than PID+DZC. It can be seen that, when the moving mass is decreased from 8.4kg to 3.1 kg, the overshoot for the PID controller is significantly increased. It becomes more aggravated if the mass is increased from 8.4kg to 13.5 kg and ultimately affected the stability of the system. The same situation occurs when the pressure is decreased and increased from 0.6 MPa to 0.45 Mpa and 0.75 MPa, respectively. Meanwhile, the system with SNPID controller has succeeded to achieve better performance. The consistency of the performance for all cases indicates that this controller is less sensitive to the changes of load and pressure. The overall analysis on these finding is plotted in Figure 7 . The numbers of 1, 2, 3 and 4 on the x-axes represent the experiments of table 1, table 2, table 3  and table 4 , respectively. Figure 7 . Robustness analysis based on decreasing and increasing of load
CONCLUSION
In this paper, a robustness of the SNPID controller is presented. Initially, the performances of the system with this controller are examined through simulations. Experiments to the real plant were performed for validation purposes and found only slight distinctions between them in the transient part. Subsequently, the robustness of the system was investigated chiefly by decreasing and increasing the load. Moreover, the effect caused by variation of pressures to the system performance is also examined. The system with SNPID shows a superior performance in terms of accuracy, speed and robustness compared to another method that were examined in this research. Overall, it provides a lower steady state error and is able to maintain the response without overshoot. IJECE ISSN: 2088-8708 
